Serial analysis of gene expression (SAGE) is a powerful technique that can be used for global analysis of gene expression. Its chief advantage over other methods is that SAGE does not require prior knowledge of the genes of interest and provides quantitative and qualitative data of potentially every transcribed sequence in a particular tissue or cell type. Furthermore, SAGE can quantify low-abundance transcripts and reliably detect relatively small differences in transcript abundance between cell populations. However, SAGE demands high input levels of mRNA which are often unavailable, particularly when studying human disease. To overcome this limitation, we have developed a modification of SAGE that allows detailed global analysis of gene expression in extremely small quantities of tissue or cultured cells. We have called this approach 'SAGE-Lite'. This technique was used for the global analysis of transcription in samples of normal and pathological human cerebrovasculature to study the molecular pathology of intracranial aneurysms. These samples, which are obtained during operative surgical repair, are typically no bigger than 1 or 2 mm and yield <100 ng of total RNA. In addition, we show that SAGE-Lite allows simple and rapid isolation of long cDNAs from short (15 bp) SAGE sequence tags.
INTRODUCTION
The human genome contains~3 billion nucleotides, from which an estimated 100 000 functional genes are transcribed. Of these, it is thought that~11 000 are expressed in any one cell type (1) and that as many as 80% are present at a level of less than five copies per cell (2) . Despite exponential growth in the use of molecular methods to study gene expression in normal and pathological tissue specimens, most efforts have focused on analyzing single or small numbers of genes. This has resulted in a plethora of non-overlapping, mutually exclusive, functional data, the majority of which has no relevance in a holistic sense. To fully understand the biological mechanisms controlling development, normal homeostasis and disease, it is vital that we are able to accurately quantify gene expression in a global context. This will provide insight into whole-cell responses to defined physiological conditions and establish foundations for further investigations into therapeutics, diagnostics and basic biology. One of the most pressing objectives in health sciences research, therefore, is the development of a robust technology for quantitative determination of global gene expression profiles in normal and pathological states. Although significant progress has been made in the characterization of large-scale transcriptional regulation in easily accessible model systems (3) (4) (5) (6) (7) , fewer studies have utilized human pathological specimens which are often difficult to acquire and, in many instances, are limited in size and difficult to obtain fresh (2, 8) .
There are a number of PCR-based techniques for the analysis of low levels of mRNA. Traditionally these have been applied to the quantitative or semi-quantitative characterization of single or small numbers of transcripts (9, 10) . Other techniques suitable for the isolation and analysis of genes from limiting quantities of mRNA include differential display (11) and subtractive hybridization (12) . Although these techniques can be used for cloning differentially expressed genes, they do not provide quantitative measures of differential expression nor allow global analyses of transcript levels. More recently, nucleic acid hybridization-based technologies have been developed that are able to analyze multiple transcripts simultaneously (13) . The major drawback of these approaches is that they only allow analysis of previously cloned sequences.
An extremely powerful technique available for the global analysis of gene expression levels is serial analysis of gene expression (SAGE) (14) , which allows a complete quantitative transcript analysis of a specific cell or tissue type. This is a comprehensive approach which relies on direct sequencing of gene-specific tags, rather than hybridization, and has an extremely high degree of accuracy for predicting quantitative relationships between transcript levels. This is particularly true when these are expressed at low abundance (2) . Furthermore, its comprehensive (global) nature ensures that the relative abundance of any single transcript may be measured against every other transcript in the cell or tissue type. This makes it possible to accurately compare gene expression patterns between samples assayed at different times and to develop comprehensive databases of relative levels of transcript abundance in multiple tissue/cell types.
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In order to address the need for detailed comprehensive gene expression analysis we have developed a modified approach to SAGE which we have called SAGE-Lite. This method allows detailed global analysis of gene expression patterns from 50 ng of total RNA, thus providing an opportunity to study global patterns of gene expression to studies in which RNA is limited.
MATERIALS AND METHODS

Cell culture and RNA extraction
HT1080 cells were obtained from the American Type Tissue Culture Collection (ATCC). Cells were grown in Dulbecco's modified Eagle's medium and harvested directly in Trizol reagent used for total RNA isolation (Life Technologies). mRNA was isolated from this using the Messagemaker system (Life Technologies).
Tissue acquisition and RNA extraction
Cerebrovascular tissue samples were removed during surgery for repair of intracranial aneurysm (ICA). Samples were snapfrozen on dry ice and stored at -130°C until ready for use. Tissue was homogenized and total RNA extracted using the SV RNA isolation system (Promega). An aliquot of 100 ng of total RNA was used directly as a template for the synthesis of first strand cDNA.
Synthesis of non-amplified double-stranded cDNA
Un-amplified double-stranded cDNA was synthesized from purified mRNA using the cDNA Synthesis System (Life Technologies #18267-021).
Reverse transcription (RT) and global PCR-amplification of cDNA
First-strand cDNA was prepared using Superscript II (Life Technologies). Synthesis was primed using a biotinylated oligo(dT) primer (5′-AAGCAGTGGTAACAACGCAGAG-TACT (30) VN-3′ [N = A, G, C or T; V = A, G or C] in the presence of a second, TS, oligonucleotide (5′-AAGCAGTGGTAACA-ACGCAGAGTACGCGGG) which acts as a second template during strand switching (16) . For SAGE, first-strand cDNA was amplified using the Advantage cDNA Synthesis System (Clontech) according to the manufacturer's instructions using the same oligonucleotides employed during first-strand synthesis. For whole-cDNA dot blot, the same first-strand cDNA was amplified using a single primer (5-AAGCAGTGG-TAACAACGCAGAGT).
Dot blotting and hybridization
Un-amplified and/or amplified cDNA pools from HT1080 cells or cerebrovascular tissue were denatured by heating at 95°C for 10 min in a total volume of 500 µl and a final concentration of 0.4 M NaOH, 0.1 M EDTA (pH 7.5). cDNAs were then vacuum blotted onto Zeta Probe GT membrane (Bio-Rad), fixed by heating at 80°C for 2 h, hybridized overnight at 65°C in 0.5 M Na 2 PO4, 7% SDS and washed in 40 mM Na 2 PO4, 5% SDS at 65°C.
SAGE
SAGE was carried out as described previously (14) .
Cloning of SAGE-identified cDNAs
SAGE tag sequences (11 bp) were used to design a 15 bp (11 bases plus NlaIII recognition sequence) oligonucleotide primer and its reverse complement which were used in separate PCR reactions with either the oligo(dT) primer or TS primer respectively. The resulting fragments were excised from agarose gels and cloned using the pCRScript kit (Stratagene).
Single-gene RT-PCR
mRNA was reverse transcribed (in duplicate) from total RNA using the Superscript II system (Life Technologies) according to the manufacturer's instructions. Control reactions were included which contained no reverse transcriptase to ensure that subsequent product amplification was reverse transcriptase-specific. Aliquots of resulting cDNAs were used in 25 µl PCR reactions, containing; 1× PCR buffer [50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100], 1.5 mM MgCl 2 , 0.25 µM each primer, 125 µM each dNTP, 5 µCi [α-32 P]dCTP (3000 Ci/mmol) and 1 U Taq Polymerase (Promega). PCR reaction conditions were optimized for cycle number and input RNA to ensure product accumulation within the linear phase of amplification. PCR products were electrophoresed on 6% polyacrylamide gels in 1× TAE (0.04 M Tris-acetate, 0.001 M EDTA, pH 8.0), dried and autoradiographed directly.
RESULTS
cDNA amplification to generate SAGE substrate
In order to generate amplified libraries of cDNA for SAGE, we developed a modification of an approach described by Chenchik et al. (16) (Fig. 1 ). This method relies upon the fact that reverse transcriptase has inherent poly(C) terminal transferase activity and is able to switch templates during DNA polymerization (17) (18) (19) (20) . These properties are part of the retroviral life-cycle. First-strand cDNA synthesis by reverse transcriptase is primed by an oligo(dT) primer in the presence of a second 'template switching' oligonucleotide (TS oligo) which is included in the first-strand synthesis reaction. The TS oligo has a short poly(G) sequence at its 3′ end that is able to hybridize to the poly(C) sequence generated by reverse transcriptase. The reverse transcriptase is thus able to switch templates and incorporates the complementary TS sequence at its newly synthesized 3′ end. Every first-strand cDNA thus has a common sequence at its 3′ end which is complementary to the TS sequence.
iii First-strand cDNA is then amplified by PCR using the oligo(dT) and TS primer. Since SAGE requires that first-strand cDNA be biotinylated at its 5′ end, a biotinylated oligo(dT) primer was used. This amplification resulted in libraries of cDNA molecules that varied in length from between~500 and 6000 bp (Fig. 2) .
Confirmation of representative amplification of cDNA
Although under ideal conditions it is possible to exponentially amplify a single amplicon, quantitative PCR is fraught with technical difficulties that result in non-representative amplification. There are a number of reasons for this. PCR reagents may become limiting as the reaction proceeds, the thermostable DNA polymerase may partially degrade, and the increased concentration of template relative to primer may result in mis-priming. Quantitative or semi-quantitative PCR is, therefore, most accurate at lower cycle numbers during the exponential phase of amplification (21) .
Clearly, it is important that differences in SAGE tag abundance observed at the data analysis stage are not merely PCR artifacts. In order to determine whether our PCR strategy gave representative amplification of multiple cDNAs we performed a number of control amplifications from a single pool of total RNA. This was prepared from HT1080 cells and used to generate both PCR-derived cDNA pools (Materials and Methods), amplified under a variety of conditions, and double-stranded cDNA synthesized by standard techniques (22) . Products of these reactions were analyzed by agarose gel electrophoresis (Fig. 2) . As previously reported, we found that as cycle number increased, more fragments of >6 kb were visualized. This is diagnostic of 'overcycling' (16) .
We then used a dot blot approach to compare the copy numbers of specific genes in the PCR-derived cDNA with the copy numbers of the same genes derived from the traditionally synthesized cDNA. Whole-cell cDNA pools generated by these methods were dot-blotted and hybridized with a number of radiolabeled probes. If amplification is representative, the ratio of signal from amplified to un-amplified cDNA should be equivalent. Figure 3 shows that, at lower cycle numbers (22 cycles), the ratios of signal derived from cDNA amplified by PCR and cDNA synthesized in a traditional manner from abundant RNA are almost identical with respect to five single transcripts. This relationship between amplified and un-amplified signal was not observed at cycle numbers (26-34 cycles) beyond those recommended by the commercially available SMART™ user manual (data not shown). The SMART™ system is a cDNA synthesis and library construction kit marketed by Clontech (catalog #K1052-1).
We found that a single 100 µl PCR reaction, containing one-fifth of the single-stranded product from a single 50 ng total RNA reverse transcription, yielded~5 µg of double-stranded cDNA. This is well within the recommended range of input for SAGE of 2-5 µg of poly(A) + mRNA (14) .
Amplified cDNA can be used as a substrate for SAGE Following PCR amplification, cDNA was extracted with phenol/chloroform and precipitated, 10 µg of resuspended cDNA was digested with NlaIII and subjected to SAGE. Briefly, the 3′ ends of NlaIII-digested cDNA are purified by biotin capture onto streptavidin-coated paramagnetic beads and synthetic linkers are annealed to the exposed NlaIII site. Short gene-specific tags are then released by linker-directed digestion using a type IIS restriction enzyme (BsmF1) which Ratio of amplified to non-amplified cDNA. Double-stranded cDNA pools, generated either by PCR (16) or by traditional methods (22) were blotted onto nylon membrane and hybridized with radiolabeled gene-specific probes. Signals were quantified using a phosphorimager. An aliquot of 200 ng of total RNA was reverse transcribed and one-fifth of this used as a template for cDNA amplification by PCR. Note that the ratio of signal between amplified and un-amplified cDNA is relatively similar for all five markers, indicating representative amplification by PCR.
Downloaded from https://academic.oup.com/nar/article-abstract/27/24/e39/2902396 by guest on 11 March 2019 e39 Nucleic Acids Research, 1999, Vol. 27, No. 24 iv cuts at a sequence-independent defined distance away from its recognition site. Tags generated from parallel reactions are then ligated to form 'ditags', amplified by PCR, and linker sequence removed by NlaIII digestion. These ditags are then ligated to form concatomers which are cloned and sequenced. Computer analysis is then performed to determine the relative abundance of gene-specific tags. Figure 4 demonstrates that double-stranded, amplified cDNA is a suitable substrate for SAGE. Concatomer length ranged between 600 and 1500 bp, and SAGE tags which matched GenBank entries were clearly derived, as predicted, from the most 3′ NlaIII recognition sequence (data not shown).
Given our use of total RNA as a substrate for cDNA synthesis, it is notable that the percentage of sequence tags that match sequence derived from ribosomal RNA (rRNA) amongst the 50 most abundantly expressed found in our SAGE libraries (see below), was 4%. This compares favorably with at least two other studies published using traditional SAGE protocols in which the percentage of rRNA in the 50 most frequent tags was 12 (23) and 24% (24) .
Differential transcription analysis using SAGE-Lite
ICA is a saccular dilation of an intracranial artery most often located at a branch point of a major artery on the Circle of Willis at the base of the brain. Despite the catastrophic consequences of a ruptured ICA and their relatively high incidence, the molecular basis of the disease is not known. We therefore used SAGELite to study transcription in a small surgical sample taken from the dome of an ICA. As a control we used a small piece of superficial temporal artery (STA) removed at time of surgery from the same individual.
From our SAGE-Lite analysis we compiled a comprehensive catalogue of genes which are expressed in ICA and STA. A total of 11 495 and 7297 tags were sequenced in the ICA and STA libraries and these corresponded to 4924 and 3552 distinct sequences respectively. There were 994 (8.6%) duplicate ditag dimers in the ICA library and 139 (1.9%) in the STA library. These were each counted only as monomers in tag abundance analyses. This correlates well with previous studies (3) .
Of the 100 most highly expressed genes in ICA, 31% were differentially regulated with a >5-fold change in expression relative to STA. Of these 100 genes, 22% are not listed in GenBank. Similarly, 29% of the 100 most highly expressed genes in STA are differentially regulated with a >5-fold change in expression relative to ICA. Of these 100 genes, 25% are not listed in GenBank. Detailed results of this approach will be published elsewhere. v In order to confirm that SAGE-Lite is able to identify genuine differences in levels of transcription, we performed low cycle number PCR from the original first-strand cDNA using a single common primer (Materials and Methods). Amplified whole-cell cDNA pools were blotted onto nylon membrane and hybridized with gene-specific probes for Collagen 3A1 and a novel marker (see below). Table 1 demonstrates that relative levels of gene-specific transcript detected by SAGE-Lite are confirmed by this strategy. Differential expression of Collagen 3A1 and Fibronectin was also confirmed using semi-quantitative RT-PCR (Fig. 5) .
SAGE-Lite allows rapid cloning of novel genes
A number of the SAGE tags identified using this approach represented genes that were not recorded in GenBank. In attempting to clone and characterize these unidentified tags we were able to take advantage of the fact that our PCR-amplified cDNA pool contained known sequences at either end. We used primers based on a 15 bp SAGE tag synthesized in both orientations along with the TS and oligo(dT) primers used for cDNA synthesis, to amplify a 900 bp cDNA whose expression was~3-fold greater in STA relative to ICA (this approach is summarized in Fig. 6A ). This differential expression was confirmed when the novel fragment was used to probe a dot blot consisting of total cDNA from both ICA and STA (Fig. 6B) . Using this approach we found that the expression of the novel cDNA varies 3-fold. This correlates exactly with the magnitude of change determined by SAGE-Lite.
DISCUSSION
We have developed a novel modification of SAGE which we have called SAGE-Lite. SAGE-Lite is a robust approach to the comprehensive analysis of levels of transcription in tissues from which RNA is extremely limiting. It relies upon a modification of a previously described approach (16) in which first strand cDNA is globally amplified by PCR to generate large quantities of double-stranded cDNA. This was then utilized as a substrate for SAGE analysis. We sought to develop this strategy because of our interest in characterizing the molecular pathology of ICAs from which tissue samples are extremely small. Using SAGE-Lite, we identified a large number of genes which are differentially expressed in the dome of an ICA relative to STA and confirmed these changes in expression by both a cDNA dot-blotting strategy and semi-quantitative RT-PCR. Detailed analysis at this high level of resolution was previously impossible. By the application of SAGE-Lite we have generated a very large number of useful candidate genes for populationbased studies of ICA and gained considerable insight into the molecular basis of ICA. A full report of our SAGE results will be published elsewhere.
Existing approaches to the problem of identifying differentially expressed genes which provide the most accurate quantitative analyses, such as traditional SAGE and conventional library screening are united in their demand for high levels of input RNA. These rely upon the generation of double-stranded cDNA by traditional approaches in which RNase H and DNA Polymerase I are used to prime the synthesis of a second cDNA strand after first-strand synthesis by reverse transcriptase (22) . In situations where RNA is limiting, cDNA may be amplified by PCR via unique primer-binding sites present at both ends of the cDNA. Existing methods to generate cDNA with such sites include: homopolymer tailing on the 3′ end of the first-strand cDNA (25) ; single-stranded anchor ligation (either to the 5′ end of the mRNA or 3′ end of the first-strand cDNA) (26) ; and double-stranded adapter ligation to the 5′ of double-stranded Fragments were separated on a 5% polyacrylamide gel that was dried and visualized by autoradiography. cDNA source for these reactions was the same as that used for the global PCR shown in Figure 6B , in which GAPDH expression is equivalent. (27) . These are relatively long-winded, however, requiring multiple complex steps.
Other methods such as differential display (11) and subtractive hybridization are suitable for use in situations where RNA is limiting but are only able to highlight qualitative differences in gene expression between samples and often result in a large number of false positive results (28) .
Another SAGE-based method to overcome the high input requirements of traditional SAGE called 'MicroSAGE' has recently been published (29) . Unlike SAGE-Lite, in which small amounts of cDNA are amplified prior to SAGE, MicroSAGE [which utilizes 1-5 ng poly(A) + mRNA] employs a two-step ditag amplification approach in which ditags are amplified for 28 cycles then gel-purified and re-amplified for as many as a further 18 cycles. This strategy generates enough material for subsequent tag concatomerization and library construction. In our hands, this two-phase ditag amplification strategy yielded large numbers of duplicate ditags (not shown). This problem was apparently not encountered in the MicroSAGE report (29) . Duplicate ditags are thought to be the result of non-representative over-amplification and are generally counted as monomers in tag abundance analysis. Clearly their overrepresentation increases the amount of tag sequencing that must be undertaken.
Similarly, a potential caveat with regard to SAGE-Lite is that the PCR amplification step does not generate libraries of cDNA which are representative. This could occur if certain gene-specific transcripts are more, or less, efficiently amplified than the transcripts of other genes. By comparing ratios of gene-specific transcripts in amplified and unamplified pools of cDNA we found that transcripts were amplified in a highly representative manner. Differences in gene expression were confirmed by dot blotting and RT-PCR. In order to minimize the possibility that the PCR step results in non-representative amplification, cycle number was kept to a minimum (16) . In our experience, 18 cycles of PCR are sufficient to generate enough cDNA for SAGE-Lite (not shown).
It is also possible that the PCR process favors amplification of shorter transcripts, thus excluding long sequences from subsequent detection and analysis. Qualitative evaluation of our SAGE data did not support this notion. Indeed, we found a number of SAGE tags derived from extremely long cDNAs based on GenBank database information.
One of the most powerful features of 'traditional' SAGE is that it identifies tags from previously unidentified, novel, genes. Unfortunately, the conversion of a 14 or 15 bp tag into a full-length cDNA presents a significant technical challenge. However, as we have shown, SAGE-Lite greatly simplifies this problem. This is due to the fact that our cDNA libraries have known sequences at either end which are derived from the oligo(dT) and TS primers. A SAGE-Lite-derived tag may, therefore, be utilized to design a short primer which can be used in conjunction with either the TS or oligo(dT) primer to allow rapid recovery of near full-length cDNA (Fig. 6) . Even if only partial cDNA sequence is obtained by PCR, this fragment greatly simplifies the isolation of full-length cDNA and genomic DNA by library screening.
In summary, we have demonstrated that a modification of SAGE can be utilized to study transcription in studies where mRNA is extremely limited. We have named this approach 'SAGE-Lite'. We were able to utilize SAGE to perform a detailed, comparitive, global analysis of gene expression from just 100 ng of total RNA extracted from normal and pathological human cerebrovascular tissue.
